Purpose: Speech in persons who stutter (PWS) is associated with disturbed prosody (speech melody and intonation), which may impact communication. The neural correlates of PWS' altered prosody during speaking are not known, neither is how a speech-restructuring therapy affects prosody at both a behavioral and a cerebral level. Methods: In this fMRI study, we explored group differences in brain activation associated with the production of different kinds of prosody in 13 male adults who stutter (AWS) before, directly after, and at least 1 year after an effective intensive fluency-shaping treatment, in 13 typically fluent-speaking control participants (CP), and in 13 males who had spontaneously recovered from stuttering during adulthood (RAWS), while sentences were read aloud with 'neutral', instructed emotional (happy), and linguistically driven (questioning) prosody. These activations were related to speech production acoustics. Results: During pre-treatment prosody generation, the pars orbitalis of the left inferior frontal gyrus and the left anterior insula were activated less in AWS than in CP. The degree of hypoactivation correlated with acoustic measures of dysprosody. Paralleling the near-normalization of free speech melody following fluency-shaping therapy, AWS normalized the inferior frontal hypo-activation, sooner after treatment for generating emotional than linguistic prosody. Unassisted recovery was associated with an additional recruitment of cerebellar resources. Conclusions: Fluency shaping therapy may restructure prosody, which approaches that of typically fluent-speaking people. Such a process may benefit from additional training of instructed emotional and linguistic prosody by inducing plasticity in the inferior frontal region which has developed abnormally during childhood in PWS.
speech and exercising a regular speech meter, but are not relevant to this study. Neither did we explicitly examine the intensity of speech sound because fundamental frequency and sound pressure level are correlated in voice production (Gramming, Sundberg, Ternström, Leanderson, & Perkins, 1988) .
We hypothesized that speech melody would improve after fluency induction and that this improvement should manifest itself in changes in brain activation within and potentially also outside the physiological prosody control network.
Additionally, the effects of such assisted recovery were compared with the activation patterns in males who had recovered spontaneously from their stuttering in adulthood (unassisted recovery in formerly stuttering adults, RAWS). We hypothesized that their brain activation pattern would highlight regions involved in long-term compensation (see also Kell et al., 2009 ).
METHODS

Participants
The study reported here is an extension of our previous MRI study on therapy effects in AWS compared with recovery effects of former AWS who had recovered in adulthood from stuttering, and with typically fluent participants (Kell et al., 2009 ), involving the same subjects. In brief, an fMRI speech production experiment was performed with (1) 13 male adults who persisted in stuttering (AWS, in the previous publication named PS; mean age 27 years, range 18-39, mean handedness score 50, measured with the Edinburgh Handedness Inventory, Oldfield, 1971) , (2) the same 13 subjects after a three-week intensive treatment phase of the Kassel Stuttering Therapy (Euler & Wolff von Gudenberg, 2000) , which is a precision fluency shaping treatment modified after Webster (1974) , (3) the same 13 subjects one to three years later (follow-up), after a one-year maintenance phase with regular or occasional self-training, which is an integral part of the Kassel Stuttering Therapy (long-term data not reported in the previous study), (4) 13 males who had recovered from stuttering to 1% SS (stuttered syllables) or less without a preceding therapy (RAWS, previously RS); mean age 40 years, range 16-65, mean handedness score 86), and (5) 13 male typically fluent speaking control participants (CP, in the previous publication named NS; mean age 30 years, range 23-44, mean handedness score 83). All subjects were native Germans and were matched for educational levels (no significant differences in the Kruskal-Wallis test). Because only RAWS were included whose recovery had been maintained for at least five years, there was a significant age difference between the AWS and RAWS groups (p < .05). Age was used as a covariate in the group comparisons (see below). Inclusion criteria for RAWS were: (a) age ≥16 years, (b) recovery after the 12th birthday, (c) confirmation of former stuttering by a corroborator (in 10 of 13 subjects available), (d) complete or substantial recovery to 1% SS or less, (e) period between last treatment before recovery at least one year (see Supplementary Tables 1 and 2 in Kell et al., 2009) . Neurological or other speech-relevant disorders were excluded by a phoniatrician (physician specialized in communication disorders such as speech, language, and voice disorders) and a neurologist, and structural brain images confirmed the absence of focal or diffuse brain lesions. The study was approved by the Ethics Committee of the Medical Faculty of the Frankfurt University (no. 277/04). All subjects gave informed written consent for their participation.
Procedure
Behavioral assessment
Speech samples were collected during four different speaking conditions (for speech fluency measures, i.e. stuttering severity, defined as percentage of stuttered syllables (%SS), and speech naturalness data, see Supplementary Table 2 in Kell et al., 2009) . From these speech situations, audio recordings of only the telephone interviews of the CP and of the AWS before treatment, directly after the intensive course and of seven AWS after the follow-up period were used in this study for the acoustic analysis of prosody during free speech, because they were the only audio samples that were conserved for post-hoc analyses. Nevertheless, the RAWS were kept in the fMRI analysis because their speech fluency measures (%SS and speech naturalness) approached those of the CP (Kell et al., 2009) but differed from them in the functional data (see below).
Experimental paradigm
Participants lay supine with their head immobilized. They viewed visual stimuli presented on a screen through a mirror. The task comprised three seconds of overt reading of declarative sentences under three different prosody conditions: (1) neutral (appropriate to a declarative nonsense sentence), (2) intonated as a question, by raising the voice at the end of the phrase (linguistic prosody), and (3) intonated happily, induced by the imagination of being happy. A covert reading condition served as an additional baseline. The group comparisons of the contrast 'neutral overt reading > covert reading' are reported in Kell et al. (2009) . Here, the group differences of the contrasts of producing 'linguistic > neutral', 'emotional > neutral' prosody, 'linguistic > emotional', and 'emotional > linguistic' prosody are reported.
The speech material consisted of 90 phonologically balanced, not affectively charged, syntactically identical German sentences (translated example: 'Blue dwarves like to run through the grass.') that were presented for three seconds in random order. Each participant had to read aloud 30 sentences in each condition (neutral, emotional, linguistic prosody), i.e. each sentence three times (together 90 sentences per subject). Participants were trained to perform the tasks properly before scanning, because pronouncing neutral sentences happily is difficult; they were instructed to pronounce the sentence as if they were really happy about what they said (for details on training, see Pichon & Kell, 2013) .
Two to three seconds before each sentence, participants were instructed verbally about the task they had to perform at the upcoming stimulus. The inter-trial interval varied from 2 to 10 s with a mean of 6 s. Subjects had to stop speaking after 3 s, when the screen turned black, but all of them completed the sentences adequately within this time limit.
AWS after therapy were instructed to talk 'normally' inside the scanner, without intentionally applying their newly acquired speaking technique. It is important to understand that the fMRI measurements did not focus on the use of the trained speech pattern but on the plastic cerebral changes associated with their acquisition, independently of the actual speech behavior. Before therapy, AWS had already read fluently inside the scanner, owing to a quasi-constant scanner noise and the isolation inside the bore (see also Kell, Neumann, Behrens, von Gudenberg, & Giraud, 2017) . After therapy, AWS were asked not to use the newly acquired speaking technique inside the scanner deliberately, but to read freely as they did pre-treatment. Owing to the masking scanner noise and isolation in the scanner, it was unnecessary to apply the newly acquired technique. Because of this same speaking manner before and after therapy, imaging data are well comparable and allow the demonstration of trait-rather than state-related group differences and the robust treatment-related brain plasticity (for meta-analyses on trait-vs. state-related activation differences, see Belyk, Kraft, & Brown, 2015; Budde, Barron, & Fox, 2014) . Because the scanner noise was identical during all conditions, direct consequences of scanner noise on brain activation are excluded, while fluency induction may alter activation patterns in general compared with free non-fluent speech.
Participants' speech was recorded with an MRI-compatible microphone (mr confon, Magdeburg, Germany); recordings were analyzed after filtering out the scanner noise (Adobe Audition, San Jose, USA) for task performance. Details on the continuous fMRI data acquisition are reported in Kell et al. (2009) .
Data analysis
Behavioral data
Significant group differences with respect to stuttering severity, defined as percent stuttered syllables (%SS), speech rate, speech naturalness, and several self-report items (negative emotions associated with stuttering, speech aids used to speak fluently, selfperceived stuttering severity) were revealed by ANOVAs and subsequent t-tests, and are reported in Kell et al. (2009) .
Acoustic analysis
In order to evaluate the acoustic consequences of the intensive therapy program on speech melody, speech segments of 300 continuous syllables (including stuttered and non-stuttered utterances) sampled from AWS during telephone interviews immediately before and after the intensive treatment phase and at least one year later (follow-up) were analyzed and compared with the values from typically fluent CP using the software Praat 5.3.03 (http://www.fon.hum.uva.nl/praat/). After segmentation into voiced and unvoiced speech components, the following parameters were analyzed for each subject: mean fundamental frequency (meanF0) and standard deviation of F0 (SDF0) as supra-segmental prosodic parameters, jitter (variation of F0 from one glottal cycle to another) and shimmer (variation of waveform amplitude from one glottal cycle to another) as two subsegmental, microprosodic parameters (Farrús, 2007) . F0 represents what is perceived as average voice pitch by a listener and reflects vocal fold length and tension. Its modulation, SDF0, characterizes variations in the spectral domain and encodes emotional and linguistic content, even pre-attentively (e.g. Leitman, Sehatpour, Garidis, Gomez-Ramirez, & Javitt, 2011) . SDF0 has been shown to be sensitive to instructed changes in produced prosody in a previous neuroimaging study (Pichon & Kell, 2013) . Jitter and shimmer characterize microprosodic cycle-tocycle variations of voice and speaking styles. These four parameters do not cover all aspects of prosody, such as rhythm, accent, dynamics, or sound intensity, but they assumedly represent stuttering-affected speech melody well. Indeed, most of these voice parameters showed a therapy-associated normalization (see Results).
Group values were compared by using independent and pairwise t-tests with the Bonferroni correction in SPSS. Individual values were used for a correlation analysis with the BOLD data (see below). Because not enough speech recordings were available for AWS at least one year after therapy, and for RAWS for these post-hoc analyses, only acoustic values from the CP and AWS before and directly after therapy were considered in the fMRI analyses.
Functional MRI data
The gradient echo planar images (EPI, repetition time 2s, echo time 30 ms, 3 × 3 × 3 mm 3 ) were spatially preprocessed (realignment, normalization, and smoothing with an 8 mm full-width at half maximum isotropic Gaussian kernel) using the standard parameters of SPM8. The data were analyzed in the framework of the general linear model; that is, the auditory cue was modelled as an event, and the conditions of interest (3 s of covert or overt reading) in the two sessions were modelled by using a boxcar function convolved with a canonical hemodynamic response function. Data were corrected for serial auto-correlations and globally normalized. Realignment parameters were modelled as covariates of no interest, in order to correct for movement artifacts.
Inferential statistics were performed first on the single subject level by contrasting 'intonation as a question > neutral prosody' which is thought to reveal linguistic prosody, and 'happy > neutral intonation' which indicates emotional prosody. The physiological emotional prosody production network is illustrated in Fig. 1 A, adapted from Pichon and Kell (2013) . The prosody production network in the sample of 13 fluent male control participants was illustrated by reporting the results of two one-sample t-tests on the contrasts 'linguistic > neutral' and 'emotional > neutral' prosody in these participants. We additionally tested whether the observed activations in CP were specific for either linguistic or emotional prosody generation by contrasting prosody-related beta maps directly against each other. Results were analyzed with a threshold of p < .05, FWE(family-wise error correction)-corrected for multiple comparisons at the cluster level (cluster forming threshold at p < .001). In AWS before therapy, all voxels were tested for a correlation between brain activity for the contrast 'linguistic > neutral' and 'emotional > neutral' prosody with % SS, but no significant correlation was found (both p > .001, uncorrected).
Inter-subject variability in the modulation of the fundamental frequency
It was additionally tested within groups whether the inter-subject variability in the modulation of the fundamental frequency during free speaking explained any variance in brain activation. This was justified because prosody-related changes in SDF0 modulate brain activity during speech production (Pichon & Kell, 2013) . To this end, individual values of SDF0 during free speech were regressed over activation maps for the contrasts 'linguistic > neutral' prosody and 'emotional > neutral' prosody, separately for the groups. Results were considered significant if they occurred within the prosody production network detected in typical fluent CP at p < .05, FWE cluster-corrected in the mask volume. The mask, which was thresholded at p < . 001 and FWE-corrected for multiple comparisons, was obtained from the data published in Pichon and Kell (2013) , in order to prevent double-dipping (which would result from defining regions of interest and performing statistical tests in the same dataset) at p < .05, FWE cluster-corrected in the mask volume.
Group comparisons
Group comparisons were performed by comparing the beta weights of these two contrasts in either paired t-tests for therapy effects, or two-sample independent t-tests for all other group comparisons. Age and laterality index of the Edinburgh Handedness Inventory served as covariates. To ensure comparability with the report of neutral overt reading in Kell et al. (2009) , group (AWS before therapy, AWS after therapy, RAWS, CP) by task (linguistic and emotional prosody vs. neutral prosody) and group by prosody type (linguistic vs. emotional prosody) interactions are reported as group differences at threshold p < .001, uncorrected and present only in clusters exceeding the expected size calculated from the smoothness of the data (Friston et al., 1996) . The clinical relevance of the observed group effects is demonstrated by correlations with behavioral measures.
Coordinates of activations are given in the Montreal Neurological Institute (MNI) space. Brodmann areas corresponding to the activations were identified from probability maps in the anatomy toolbox for SPM (Eickhoff et al., 2005) or the stereotactic atlas of the human brain (Lancaster et al., 2000) .
Post hoc correlations with structural parameters
In order to study the relationship between the observed prosody-related activations and structural brain parameters observed in the same participants, we correlated regional activity with previously published anomalous grey matter volume values in the dorsal inferior frontal gyrus (reduced grey matter volume in AWS) and anomalous values of fractional anisotropy (FA) in white matter pathways below the left anterior insula and orbitofrontal cortex (a measure of local white matter organization with locally increased values in AWS, Kell et al., 2009) . To this aim, pre-treatment AWS' beta values for the contrasts emotional > neutral and linguistic > neutral prosody were extracted from the local maxima of observed group differences between typically speaking CP and AWS before therapy (left anterior insula and pars orbitalis of the left inferior frontal gyrus). AWS' individual contrast estimates were Pearson-correlated with grey matter density values in the dorsal inferior frontal gyrus and fractional anisotropy below the left anterior insula and orbitofrontal cortex. Significance was assumed at p < .05. (Pichon & Kell, 2013) is illustrated in A) at p < .001, FEW-corrected. This mask was used to investigate brain activity during the prosody production in this experiment for a correlation with SDF0. B) Significant correlation was found between activity in the left inferior frontal gyrus and anterior insula during the generation of emotional > neutral prosody in AWS before therapy and their individual SDF0 during free speech (p < .05, FEW-cluster-corrected within the mask).
Results
Behavioral data
Detailed therapy outcome data of the involved AWS in comparison with speech data of the CP and RAWS are reported in Kell et al. (2009) . The fluency-shaping therapy resulted in an improvement in speech fluency, speech naturalness, and items related to quality of life as reported by the AWS themselves. In brief, the stuttering severity, averaged across four speaking situations, dropped from 7.4%SS before treatment to 0.6%SS immediately after the intensive treatment phase and increased only slightly to 2.2%SS after at least one year of follow-up. The speech rate decreased from 194 to 179 syllables per minute and rose again to 190 syllables per minute, and the mean rating of the speech naturalness improved from 7.1 pre-treatment to 4.1 post-treatment to 3.8 at follow-up (1 = highly natural, 9 = highly unnatural). All these changes are comparable to the treatment-related improvements observed before Euler et al., 2016; Euler and Wolff von Gudenberg, 2000) .
The speech behavior in the scanner differed from the group-typical behavior assessed before fMRI sessions. Under the masking scanner noise, AWS spoke effortlessly and fluently before and after therapy with less than 1%SS and with comparable speech rates to those of the other participants. Here, this well-known masking effect is rather desired for group comparisons of functional data. This way the latter are not influenced by idiosyncratically varying extents of disfluency, depending on speech situations, and demonstrate the even under best fluent speech conditions for the AWS (the masking effect of the scanner noise) differing group-specific cerebral networks for speaking (Giraud et al., 2008; Neumann et al., 2005; Preibisch et al., 2003) . The newly acquired speaking technique after therapy was also unlikely to affect the functional results directly because AWS were instructed not to use it deliberately.
Training AWS before therapy in performing the tasks (reading the neutral sentence happily or pronouncing it as a question) took longer and was more difficult than training RAWS or fluent controls, although this was not quantified.
Acoustic data
Group differences of acoustic parameters between AWS pre-treatment, post-treatment, at follow-up, and CP, as calculated by ttests are given in Table 1 . Note that the follow-up data set may be biased by incompleteness (data available for only seven of 13 AWS). Three of the four acoustic parameters examined during free speech (meanF0, SDF0, shimmer) in the yet untreated AWS differed significantly from the respective values of the CP. The mean fundamental frequency (meanF0) and its modulation SDF0, the supra-segmental parameters which were our main focus, showed significant group differences between AWS and CP (d = 1.40 and 1.88, respectively). After therapy, meanF0 and SDF0 had increased significantly and with large effects sizes (d = 1.49 and 1.26, respectively) and approached the values of the non-stuttering CP (Fig. 2) . In other words, before the fluency-shaping therapy program AWS kept their voice lower, that is more monotonous and "safe", and modulated their fundamental frequency less than fluent controls. Post-treatment, the differences between AWS and CP were no longer significant for meanF0 and SDF0. Thus, therapy normalized these two parameters. Shimmer values of AWS were not normalized by the therapy, and jitter values did not differ from those of CP before or after treatment. Because absolute jitter and shimmer values as extracted by Praat analysis have been shown only to provide complementary prosodic information, for example in speaker recognition (Farrús, 2007) , these parameters were not used for correlation with functional imaging data. Because meanF0 provides only limited information about melody of speech, SDF0, as the best measure for speech melody, was correlated with the functional imaging data (see below).
The correlations between the acoustic parameters and the stuttering-related parameters %SS and speech naturalness were calculated in order to examine the direct relationship between stuttering and prosodic features and treatment-related changes of this relationship. There was neither a significant correlation between the pre-treatment or the post-treatment acoustic parameters with % SS before or after treatment, nor with the speech naturalness before or after treatment. There was also no correlation between the therapy-related normalization of meanF0 or its modulation (SDF0) and the reduction of stuttering severity or the increase in speech naturalness. However, the pre-treatment SDF0 correlated negatively with the post-treatment improvement in SDF0 (r = −.69, p = .009). This is not surprising, because for AWS who master their speech melody well without treatment, a lower improvement after therapy is to be expected, as opposed to those with low pre-treatment variability. Table 1 Means and confidence intervals of the four acoustic parameters for the four groups (first four data columns) and the p values (t-tests) of the difference between CP and the three AWS groups (last three data columns); p values uncorrected; values that remained significant after Bonferroni correction (p < .0125) marked by asterisk; 1 incomplete follow-up data of only 7 of 13 AWS.
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Functional data and their relationship with structural anomalies
The cerebral activation maps for the production of linguistic and emotional prosody were contrasted with those of the generation of neutral prosody. We have done this previously in a larger cohort of fluent CP and revealed a bilateral network including the anterior insula, inferior frontal gyrus, lateral orbitofrontal cortex, superior temporal gyrus and sulcus, together with the bilateral dorsal striatum and superior cerebellum that serves prosody control (Pichon & Kell, 2013 , see also Fig. 1A) . Given the small number of participants in this study, only clusters in the left hemisphere survived correction for multiple comparisons. For the generation of linguistic prosody, fluent CP activated the left inferior frontal gyrus and the left anterior insula more strongly than for the generation of neutral prosody (blue clusters in Fig. 3 , left panel; cluster size 1026, p < .001, local maxima at MNI −48, 36, −4 and −38, 22, −6). Two other more strongly activated clusters for pronouncing sentences as a question were the left SMA (cluster size 574, p < .001, local maximum at MNI −4, −12, 62) and the left supramarginal gyrus (blue clusters in Fig. 3 , left panel; cluster size 116, p=.04, local maximum at MNI −58, −46, 30). The latter cluster in the left supra-marginal gyrus was activated more strongly for the Fig. 2 . Mean fundamental frequency and its modulation during free speech. Mean values of F0 and SDF0 and their standard deviations are plotted for CP and for AWS before (pre) and directly after (post) an intensive fluency-shaping treatment. AWS spoke with lower mean F0 and modulated F0 less compared to CP at pre-treatment. Therapy markedly improved F0 (d = 1.49) and SDF0 in AWS (d = 1.26) approaching CP values; ** = p < .01; *** = p < .001. Because of incompleteness the followup data are not shown here. Fig. 3 . Linguistic and emotional prosody generation. The left panel illustrates clusters that activate more strongly for the generation of linguistic (blue) and emotional (yellow) prosody than the generation of neutral prosody in typically fluent CP (p < 0.05, cluster-corrected, left color bar). All other panels depict group comparisons at p < 0.001, uncorrected for multiple comparisons (color bar on the right). The second panel illustrates hypoactivations in AWS before therapy (pre), the middle panel those directly after fluency-inducing therapy (post), and the fourth panel at least one year after therapy (at one year, no significant cortical differences, see Tables 2 and 3 ). The right panel documents overactivations in AWS at least one year after therapy in both amygdalae for the generation of linguistic (blue) and in both cerebellar hemispheres for the generation of emotional prosody (yellow).
Table 2
Group differences in brain activations between (1) adults who stutter (AWS) before (pre) and directly after (post) a fluency shaping therapy intensive treatment, and at least one year later (1+yr), (2) recovered formerly stuttering adults (RAWS), and (3) Table 3 Group differences in brain activations between (1) adults who stutter (AWS) before (pre) and directly after (post) a fluency shaping therapy intensive treatment, and at least one year later (1+yr), (2) recovered formerly stuttering adults (RAWS), and (3) There was a significant correlation between individual SDF0 values during free speech and brain activity during the generation of emotional prosody only in AWS before therapy. The latter showed the highest variability in the acoustic prosodic marker SDF0 compared with AWS after therapy and CP (see SDF0 standard deviation bar in Fig. 2 ). Brain activity in the left inferior frontal gyrus (cluster size 137, p=.014, MNI −50, 20, 6) and the left anterior insula (cluster size 90, p=.047, MNI −34, 22, −16) during the generation of emotional > neutral prosody correlated with individual SDF0 values in the sense that the less AWS activated these regions before therapy, the less they modulated their fundamental frequency during free speech (Fig. 1B) . There was no significant correlation of prosody-related activity with stuttering severity (all p > .05).
AWS before therapy activated the left anterior insula and the caudal part of the inferior frontal gyrus, pars orbitalis, less than did fluent CP, both for the generation of linguistic and emotional prosody (Fig. 3, second panel, and Tables 2 and 3) . AWS showed increased fractional anisotropy in fibers below the left anterior insula (see Kell et al., 2009 ). The stronger the fractional anisotropy was increased in the white matter of this region, the stronger AWS activated the adjacent cortex (more physiologically) during the generation of happy > neutral intonation (r=.571, p=.041, see Fig. 4 ). The AWS overactivated the bilateral medial orbitofrontal cortex, the right frontal operculum, and the left superior parietal cortex for the generation of linguistic prosody (Table 2 ) and the left cerebellum for the generation of emotional prosody (Table 3) only before therapy. Directly after the fluency-shaping therapy program, the left inferior frontal activity normalized for the generation of emotional prosody but not for the generation of linguistic prosody (Fig. 3, middle panel, and Tables 2 and 3 ). All the overactivations that were observed before therapy vanished directly after therapy, except for the left cerebellar activation during emotional prosody generation, which persisted at least one year after therapy (Fig. 3 , right panel and Table 3 ). During the generation of emotional prosody, it was this left cerebellar activation that distinguished AWS from RAWS. RAWS differed from CP during emotional prosody generation only in decreased activation of the right primary motor cortex (Table 3) .
The activation pattern during the generation of linguistic prosody revealed larger differences between AWS before therapy and CP (see Table 2 ) and took longer to normalize than emotional prosody. It was only after at least one year of practicing the new speaking technique acquired during intensive fluency-shaping course that the left inferior frontal/anterior insula hypoactivation in AWS normalized during the generation of linguistic prosody (Fig. 3, fourth panel) . This normalization of left inferior frontal activation was paralleled by a new hypoactivation in the bilateral dorsal striatum (see Table 2 ) and an activation of limbic regions at least one year after therapy (amygdala and ventral striatum, see Fig. 3 , right panel and Table 2 ). A dorsal striatal hypoactivation during the generation of linguistic prosody was also observed in spontaneous RAWS. Compared with CP, RAWS suppressed activity in both dorsal premotor cortices during generating linguistic prosody (see Table 2 ).
DISCUSSION
Findings
This fMRI study compared the brain-functional correlates of the production of two kinds of speech melody carrying either a linguistic or an emotional content, between stuttering and non-stuttering participants. The main finding was a reduced activation of the left inferior frontal gyrus and anterior insula during the generation of both emotional and linguistic prosody in adult males who stuttered before therapy, when compared with fluent control participants. This hypoactivation normalized after a successful fluencyshaping treatment, which led to a modification of the speech melody, nearly normalized its acoustic prosodic marker 'modulation of fundamental frequency', and successfully reduced stuttering symptoms. It may be noted that the speech melody modification trained Fig. 4 . Structure-function relationship in the left anterior insula. The contrast estimates for happy > neutral intonation are plotted on the x-axis and fractional anisotropy (FA) is plotted on the y-axis. AWS hypo-activate this region during the generation of happy intonation. The positive correlation with white matter integrity suggests that those AWS who activate more strongly, i.e. more physiologically, show increased FA values in white matter pathways directly below.
in the fluency-shaping therapy did not target emotional or linguistic prosody explicitly; rather, the treatment changed the overall speech pattern, usually irrespective of local prosodic events, and thus normalized prosody secondarily. The improvement in modulation of fundamental frequency during free speech after therapy could potentially be interpreted as a result of achieved fluency and implicit secondarily normalized prosody. However, there was no direct correlation between disfluency measures and modulation of fundamental frequency, either before or after therapy, or for therapy-related improvements, which speaks against a direct relationship between both domains. This suggests that dysprosody is not a mere consequence of the pathophysiological processes that result in disfluencies, and vice versa: the post-treatment reduction of stuttering severity was not a direct consequence of manipulating prosody. Indeed, imaging results suggest different mechanisms. Our assumption is supported by the fact that AWS spoke fluently inside the scanner, owing to the communicative isolation and scanner noise, which is known to induce fluency. But even under these fluency-inducing conditions, the AWS failed to activate the left inferior frontal region to the same extent as did the fluent CP during prosody generation. Instead, left inferior frontal hypoactivity was directly related to dysprosody at the behavioral level, where the less AWS activated this region, the less they modulated their fundamental frequency during speaking. The observed hypoactivation was not related to differences in the cognitive baseline, which here would refer to the brain activation during overt reading with neutral intonation, because no group differences were observed for the generation of neutral prosody in this region (Kell et al., 2009) . Our results suggest that dysprosody constitutes a symptom that is not directly related to stuttering severity. However, training prosody indirectly may contribute to reducing stuttering severity by promoting fluency.
Former breakdown theories on stuttering, which regard stuttering symptoms as a failure of the complicate coordination of the speech-generating systems under some type of pressure, have regarded stuttering a prosodic disorder (Wingate, 1985) . Acknowledging the difficulties of PWS in performing sound transitions smoothly it has been recognized that these difficulties concern stressed syllables ( Wingate, 1976) . Wingate considered the fact that PWS frequently performed poorly in linguistic tests as an indication that it involves processes beyond pure motor execution. He assumed that the planning of an utterance and its generation were poorly synchronized. The representation of the initial phonemes would be depleted and would disturb the phonological encoding process. This would lead, particularly in stressed syllables, to difficulties to generate the syllable nucleus (core of the syllable, most often a vowel or a vowel combination that carries the most sound energy of a syllable) and would result in a prosodic disturbance (Wingate, 1988) . Bergmann (1986) has emphasized the association between theories of stuttering as prosodic disturbance and speech motor theories because the production of stressed syllables would require an enhanced effort of planning and execution. Our findings do not support these theories because they indicate a cerebral representation of dysfunctional prosodic networks in the brains of AWS even in the complete absence of stuttering symptoms.
The reduced modulation of the fundamental frequency in voiced speech in untreated AWS indicates a less variable use of the vocal fold muscles resulting in a monotonous F0 contour and therefore a reduced speech melody. The lowered muscle tension also causes a lowering of the absolute F0. Both effects are confirmed by the results for each individual meanF0 value (increases between 3 Hz and 49 Hz) and standard deviation value (only one decrease of 9.5 Hz otherwise increases between 1 Hz and 19 Hz) as well as for the overall meanF0 (increase of 23 Hz) and its standard deviation (increase of 8 Hz). The increase of both meanF0 and SDF0 after treatment, approaching the values of the control group, demonstrates a normalized laryngeal muscle tension and an improved ability to modify this tension.
The observed therapy-associated functional normalization in the ventral inferior frontal gyrus occurred in close vicinity of the known structural anomalies in AWS. Our group has previously reported that the same AWS involved here had anomalous grey matter in more dorsal parts of the inferior frontal gyrus and altered white matter pathways below the left pars orbitalis of the inferior frontal gyrus (Kell et al., 2009) . While a positive correlation between the degree of the grey matter anomaly in the left dorsal inferior frontal gyrus with stuttering severity indicates an involvement of this region in the pathophysiology of developmental stuttering, there was no such correlation for white matter integrity and anterior insula (Kell et al., 2009 ). The current results suggest a compensatory role of left-hemispheric increases in white matter ultrastructure, at least below the anterior insula, because those PWS with stronger increases in fractional anisotropy in this region activated the adjacent cortex more physiologically during prosody generation than did PWS with more normal values of fractional anisotropy in the same region. These results suggest that the therapeutic manipulation of prosody may be efficient in changing the cortical function in the direct vicinity of the observed structural anomalies. This finding is possibly comparable to the functional normalization associated with peri-lesional reorganization in the adjacent cerebral tissue that has been reported in stroke recovery (Seitz & Donnan, 2015) . It may be noted that activity in the left anterior insula during the production of neutral prosody was correlated positively with stuttering severity but was not correlated with it after therapy (Kell et al., 2009) . Given that group differences in this region were more pronounced and were significant for emotional and linguistic but not for neutral prosody, training prosody may be more efficient in inducing plasticity in this anomalous developed cortical area than training to speak without an emphasis on prosody.
Interestingly, functional normalization occurred earlier for emotional than for linguistic prosody. The normalization of activity associated with the generation of emotional prosody occurred right after the intensive treatment phase whereas the normalization of left inferior frontal activity during the generation of linguistic prosody required another year or more of practice. We assume that for AWS the phylogenetic more recent linguistic prosody is more difficult to manage than the emotional prosody, a statement that needs further confirmation by research. Owing to the necessity for integrated processing of linguistic and prosodic speech aspects, true also for typically fluent persons, the generation of linguistic prosody requires additional steps (e.g. syntax-prosody mapping) compared with emotional prosody (Anderson & Carlson, 2010) .
Our finding suggests that future treatment developments could use the easier access to instructed emotional prosody in earlier phases of the treatment programs while training linguistic prosody could be used in later phases. It ought to be stated that emotional prosody in this study did not reflect intonating speech as a function of current affect but rather constituted an artificial condition in which a neutral sentence was intonated happily. The activation pattern and phenomenology may change considerably when 'real' emotions interfere with speaking.
Remarkably, in patients with Parkinson disease and dysprosodic speech, the left inferior frontal gyrus is functionally less strongly connected with the left striatum than that in matched control participants, which supports our proposal that this region could be central in the control of produced prosody (Arnold, Gehrig, Gispert, Seifried, & Kell, 2013) . A physiological role of both cortical and subcortical dopamine in prosody control can be deduced from a modulation of prosody-related left inferior frontal activity during prosody generation by polymorphisms of the dopamine degrading enzyme catechol-O-methyltransferase and the dopamine transporter 1 (Arnold et al., 2016) . We take the liberty to speculate here that the relationship between developmental stuttering and dopamine proposed previously (Alm, 2004) could affect communicatively challenging prosody more strongly than neutral prosody.
The functional normalization in the left inferior frontal cortex could be interpreted as a local training effect, but this region was not the only one to show recovery-related changes in prosody-induced activation. Both assisted and unassisted recovery was associated with suppression of activity in the bilateral dorsal striatum during the generation of linguistic prosody compared with fluent controls. In RAWS, this suppression was accompanied by suppressed activity in the bilateral dorsal premotor cortex. Group differences with respect to the generation of emotional prosody were sub-threshold in the dorsal striatum. The dorsal striatum is physiologically engaged in the control of both linguistic and emotional prosody by its connection with the auditory cortex, the motor cortex, and the inferior frontal gyri (Pichon & Kell, 2013) . This central position in the control of prosody could potentially result from a specialization of the dorsal striatum in sequencing and rhythm control (Ackermann & Riecker, 2010; Wymbs, Ingham, Ingham, Paolini, & Grafton, 2013) . In AWS, activity in the bilateral dorsal striatum during production of neutral prosody is positively correlated with stuttering severity before therapy but not thereafter (Kell et al., 2009) . Decreasing this neural activity (as assessed by cerebral blood flow measurements) in the left striatum predicted a successful stuttering therapy, which consisted of modifying short phonation intervals (Ingham, Wang, Ingham, Bother, & Grafton, 2013) . Because hypoactivation of this subcortical brain region was observed both for assisted and unassisted recovery and because the observed effects could not be explained by baseline differences, the relative suppression compared with that of fluent controls seems to be meaningful. As this region is physiologically activated and not suppressed, the relative hypoactivation could be interpreted as a consequence of compensatory processes for stuttering elsewhere, rather than constituting an active suppression of physiological processes, although the latter cannot be entirely ruled out. Because RAWS also suppressed activity in both dorsal premotor cortices relative to CP, the former may need to suppress dorsal cortico-striatal loops for maintaining speech fluency.
The observed activation patterns in the cerebellum most likely point to compensatory processes. Unassisted recovery was associated with additional recruitment of cerebellar hemispheres during the generation of linguistic prosody, while the activity pattern of RAWS for the generation of emotional prosody was nearly normal. This suggests again that linguistic prosody constitutes a more difficult problem for persons who stutter and requires additional resources for compensation. During speaking with induced emotional prosody, the only region that RAWS activated less than CP was the right primary motor cortex, suggesting that unassisted recovery largely normalized networks involved in the control of emotional prosody. Assisted recovery instead relied on a cerebellar recruitment for emotional prosody control. Note that cerebellar activation does not automatically imply automatization of articulatory processes, because unassisted recovery disconnects the activated cerebellum from the articulatory neocortical network (Kell et al., 2017) . Therapy-induced speech fluency was associated with additional recruitment of limbic regions for the generation of linguistic prosody. Whether this activation profile reflects involvement in compensation or an emotional reaction to this condition is speculative.
In summary, the most convincing recovery mechanism for disturbances in prosody control in male AWS lies in a recruitment of the left pars orbitalis of the inferior frontal gyrus and the anterior insula by means of local plasticity, most likely aided by cerebellar mechanisms.
Limitations
The difficulty in recruiting German men who had recovered from stuttering spontaneously in adulthood resulted in a group size of only 13 participants. In order to counterbalance groups we decided to include similar numbers of typically fluent control participants and AWS. This is at the lower end of group sizes required for fMRI studies. Nevertheless, this group size was sufficient to generate significant activation clusters that were corrected for multiple comparisons only in the left inferior frontal region of fluent controls. This finding suggests that the right hemispheric contribution is more variable than that one of the left hemisphere even in fluent control participants and that the study of these right-sided activations requires larger group sizes (20 participants in Pichon & Kell, 2013) . As a consequence, even the group comparisons could have been biased to the left inferior frontal region because of signal-tonoise ratio issues. Thus, we cannot rule out Type II errors, especially with regard to group differences in the right hemisphere.
Although studying speech samples for prosody evaluation during free speech from telephone interviews might appear as a limitation of the study, we do not assume this to represent an important bias because undetected concomitants are of less importance in studying prosody. Additionally, a previous study revealed that stuttering severity during telephone calls was correlated highly with stuttering severity during face-to-face conversation (Euler & Wolff von Gudenberg, 2000) .
We could not analyze sufficient speech recordings of RAWS or of AWS at least one year after therapy in order to quantify their modulation of F0 during free speech. Consequently, we had to rely upon the perceptual judgments of the examiner that the participants modulated their voice in a relatively normal-sounding prosody with sufficient validity to justify our guarded conclusions. Moreover, evaluating the prosody of participants while they read the sentences happily or as a question relied on perceptual judgments, considering that training sessions were not recorded and the in-scanner recordings were too noisy for performing quantitative acoustic analyses. Finally, it ought to be considered that the extent of imagined happiness during happy intonation assumedly differed between individuals. Although meanF0 and SDF0 are certainly not the only variables that map prosody, we focused on F0 and its modulation as representing speech melody, because they might be target parameters of treatment and can easily be addressed. The lacking correlation between F0 modulation in the overt speech of AWS and their speech naturalness as perceived by others might be considered unexpected; however, speech naturalness, although a sufficient measure of prosody, is a perceptual descriptor and does not reflect prosody alone but also other meta-linguistic aspects of speech (such as pragmatics).
Conclusion
The data presented here suggest that, in developmental stuttering, dysprosody constitutes a symptom that is not a direct consequence of disfluencies or their underlying pathology. The less AWS modulated their voice during free, fluent speech, the less they activated the left inferior frontal region for the generation of linguistic or instructed emotional prosody. Overall, dysprosody in AWS was associated with hypoactivation of this region during prosody production. Prosody during free speech improved after the fluencyshaping intensive treatment phase. This improvement was paralleled by a normalization of left inferior frontal activation that occurred earlier in time for the generation of emotional than for linguistic prosody. To our knowledge, this study has shown for the first time a normalization of prosody-related activations after an effective stuttering therapy, and this, moreover, with the highest cognitive baseline (speaking overtly with neutral prosody).
For persons who stutter the cerebral processes involved in the production of the evolutionarily older emotional prosody seem to be easier to manage than for linguistic prosody; therefore we venture the suggestion that instructed happy intonation may help future stuttering therapies in inducing plasticity in the anomalous left inferior frontal region. Training linguistic prosody could secondarily normalize inferior frontal activation. Ideally, a randomized controlled study with sufficiently large cohorts should compare the best available treatment against a comparable treatment version that additionally focuses on training happy intonation without tapping into genuinely affective components.
